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Experimental Investigation of Possible Geomagnetic Feedback

From Energetic (0.1 to 16 keV) Terrestrial O ÷ Ions

in the Magnetotail Current Sheet

Division
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of Research and Development, Lockheed Missiles and Space Company. Incorporated, Palo Alto, California

Data from energetic ion mass spectrometers on the ISEE I and AMPTE/CCE spacecraft are
combined with geomagnetic and solar indices to investigate, in a statistical fashion, whether energized
O + ions of terrestrial origin constitute a source of feedback which triggers or amplifies geomagnetic
activity, as has been suggested in the literature, by contributing a destabilizing mass increase in the
magnetotail current sheet. The ISEE 1 data 10.1-16 keV/e) provide in situ observations of the O +
concentration in the central plasma sheet, inside of 23 R E , during the rising and maximum phases of
solar cycle 21, as well as inner magnetosphere data from same period. The CCE data (0.1-17 keV/e),
taken during the subsequent solar minimum, all within 9 RE, provide a reference for long-term
variations in the magnetosphere O + content. Statistical correlations between the ion data and the

indices, and between different indices, all point in the same direction: there is probably no feedback
specific to the O + ions, in spite of the fact that they often contribute most of the ion mass density in

the tail current sheet.

!. INTRODUCTION

Singly charged oxygen is a variable but usually substantial

component of the magnetospheric plasmas at most energies

[Shelley et al., 1972; Ghielmetti et al., 1978; Balsiger et al.,

1980; Sharp et al., 1981; Lundin et al., 1982; Lennartsson

and Shelley, 1986; Mrbius et al., 1987; GIoeckler and

Hamilton, 1987; Chappell et al., 1987]. It is perhaps, besides

H ÷ and He ÷ ÷ ions, the most important ion component from

a scientific point of view, for at least two reasons. One is its

principal source, Earth's atmosphere [Young et al., 1982;
Kremser et al., 1988], which makes it a unique measure of

electrical solar-terrestrial interactions. This is the one aspect

that has received the closest attention in the literature so far.

Another reason, however, is the large mass or mass per

charge of the O ÷ ions compared to that of the H + ions. A
mere 10% admixture of O ÷ ions in an otherwise pure H ÷

population will more than double the mass density of the

plasma, even though the number density and charge density
remain almost the same. And a 50-50 mixture of O ÷ and H ÷

ions, often reached in the inner magnetosphere [Lennartsson

and Sharp, 1982] and sometimes in the central plasma sheet

as far out as 20 R E [Peterson et al., 1981], will have almost

an order of magnitude greater mass density than the corre-

sponding number of only H ÷ ions. This property of the O ÷

component may have significant consequences for the

plasma dynamics; it certainly has for hydromagnetic wave

propagation [e.g., Singer et al., 1979].
Although the energetic (keV) O ÷ ions observed in the

near-equatorial magnetosphere are commonly perceived to

be a product of geomagnetic storm or substorm activity, a

good case has been made for feedback effects as well [e.g.,
Baker et al., 1982, 1985; Delcourt et al., 1989; Daglis et al.,

1990, 1991; Moore and Delcourt, 1992; Swift, 1992]. Baker et

al. [1982] argued that the addition of such O ÷ ions in the tail

current sheet, after the onset of a substorm, will have a

Copyright 1993 by the American Geophysical Union.

Paper number 93JA01991.
0148-0227/93/93J A-01991 $05.00

19,443

p_r,a_

destabilizing effect on this sheet, especially at -15 Re <

GSM X < - 10 R E, the reason being that the large mass per

charge of the O + ions may cause the sheet ion population to

become increasingly demagnitized and therefore more sus-

ceptible to ion tearing mode instabilities. This course of

reasoning allows for the initial increase in the tail O ÷

population, after a period of geomagnetic quiescence, to be

induced entirely by external forces, but it suggests that the

increased concentration of O ÷ ions will promote consequent

substorm onsets, thereby prolonging and strengthening

many active periods.

One observational fact that may seem to fit with that kind

of scenario is the tendency of very strong substorms, those

with a peak AE index of 1000 nT or greater, to occur in

clusters during extended periods (often a day or longer) of

elevated AE (see, for example, Kamei and Maeda [1981] and

Baker et al. [1985]). On the other hand, more long-term

records of geomagnetic and solar activity, covering several

years, may not seem to fit the same trend, because the

energetic O ÷ population has been found to vary substan-

tially in density over the course of a solar cycle without

causing a parallel long-term variation of geomagnetic activity

[Young et al., 1982; Yau et al., 1985; Lennartsson, 1989].

None of the long-term studies of O ÷ ions has been specifi-

cally directed towards the feedback aspect, however, so

there is still room for doubt either way.

This study attempts to clarify, to the extent possible with

statistical methods, whether there is a geomagnetic feedback

specific to the O ÷ ions, by comparing extensive sets of

near-equatorial ion composition data with common geomag-

netic and solar activity indices. In order to utilize the

long-term observations now available from similar experi-

ments, data obtained during the rising and maximum phases

of solar cycle 21 by a mass spectrometer on the International

Sun-Earth Explorer (ISEE 1) spacecraft are intercompared

with data obtained near the end of the same cycle, at the

minimum phase, by the same kind of spectrometer on the

Charge Composition Explorer (CCE) spacecraft of the Ac-
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tive Magnetosphere Particle Tracer Explorer (AMPTE) mis-

sion.

The focus of this study is on the consequences, if any, of

increasing the average mass per ion in the central plasma

sheet by adding O ÷ ions, or replacing H + ions with O + ions.

It is recognized that the O + ions, along with other ions of

terrestrial origin, energetic or not, must have some role in

magnetosphere dynamics simply by contributing a positive

plasma component but that aspect is more complex and does

not necessarily distinguish the O + as a species. It is the

exceptional capability of the O + to enhance the plasma mass

density that is of principal interest here.

2. INSTRUMENTATION

The ISEE 1 spacecraft (along with the ISEE 2) was

launched on October 22, 1977, into an orbit with apogee at

almost 23 Re (geocentric), perigee at -300 km altitude, an

inclination of 29 °, and an orbital period of 57 hours. It was

placed in a spinning mode with the axis nearly perpendicular

to the solar ecliptic plane and with a period of approximately

3 s. The AMPTE CCE, one in a stack of three separate

spacecraft, was launched on August 16, 1984, and directed

into a very nearly equatorial orbit with apogee at almost 9

Re, perigee at - 1000 km altitude, an inclination of less than

5°, and an orbital period of 15.6 hours. The AMPTE CCE is

also in a spinning mode, but its spin axis is parallel to Earth's

equatorial plane, pointing some 10 ° to 30 ° from the Sun

direction, and its spin period is 6 s.

The Lockheed ion composition experiments flown on

ISEE 1 and AMPTE/CCE are two of a family of instruments

using the same type of ion optics and covering nearly the

same range of energies (0 ewe to -17 keV/e) which have

also been flown on GEOS 1 and 2 and on DE 1 [Shelley et al.,

1978, 1985]. The ISEE 1 instrument consists of two nearly

identical mass spectrometers with the respective fields of

view centered 5° above and 5° below the spin plane, that is

about 5° above and below the solar ecliptic plane. Data used

in this study are from one of these, the one looking below the

spin plane. The CCE instrument has a single mass spectrom-
eter with the field of view centered in the spin plane, which

in that case is roughly perpendicular to the solar ecliptic

plane, oriented somewhat like the GSE Y-Z plane. Each

field of view is -10 °_wide along the spin plane, and some 10 °

to 50 ° wide transverse to this plane, being the widest at the

low-energy end (due to preacceleration) and gradually de-

creasing toward 10 ° with increasing energy. Information on

the instantaneous pitch angles (at center of field of view) is

provided by the ISEE 1 fluxgate magnetometer [Russell,

1978] and the AMPTE CCE Magnetic Field Experiment

[Potemra et al., 1985].

Each spectrometer consists of an electrostatic analyzer to

select energy per charge, followed by a combined electro-

static and magnetic analyzer to select mass per charge. Both

analyzer sections have particle detectors, so at each energy

setting the experiments provide both the total ion flux and

the partial flux at a selected mass per charge. On ISEE 1

each combination of energy and mass is maintained for at

least 1/16 s in high telemetry bit rate and 1/4 s in low (normal)

bit rate, on CCE the corresponding time is 1/32 s. Different

combinations are stepped through in a cyclic fashion accord-

ing to various patterns controlled by a random access

memory which is programmable from the ground. The ISEE

1 patterns, or "modes," used inside the magnetosphere

usually require from 2 to 17 rain to complete. Most com-

monly used CCE patterns require -2 min per cycle. The

mass selections include one that blocks all ions from reach-

ing the second detector, allowing intermittent measurements

of the noise associated with penetrating radiation. These

measurements are later used to correct the count rates of

mass analyzed ions.

The maximum energy range is 0 eV/e (or spacecraft

potential) to 17.9 keV/e, divided into 32 contiguous chan-

nels, although only a subset of these may be used in a given

mode (typically only 15 channels on CCE). The lowest

channel, from 0 ewe to -100 ewe, is normally limited to

energies above 10 ewe on ISEE 1 and above 30 eV/e on

CCE by an RPA (retarding potential analyzer) in the en-

trance. That same RPA is used to provide "cold plasma"

data from 0 to 100 eV/e (retarding within the lowest channel)

during part of some measurement cycles. Because of mea-

surement uncertainties associated with spacecraft charging

and plasma convection, the lowest energy channel is treated

separately when calculating velocity moments. Data from

this channel are not included in the statistical material here

but are discussed briefly in a separate section. In the case of

ISEE 1, data from the highest-energy channel (above 16

keV/e) are also excluded from moment calculations, because

of a slight variation over time of the mass response in that

channel. Whenever the energy scans have left some inter-

mediate energy channels unsampled, an interpolation proce-

dure has been employed, assuming a linear variation of the

differential flux. Given these considerations, and given the

numerical procedures used for weighting and summing

counts from the various energy channels, the velocity mo-

ments displayed in the following figures correspond to an

energy range of -100 eV/e to 16 keV/e for ISEE 1 and 100

ewe to 17 keV/e for AMPTE/CCE.

3. DATA FORMATS

This study is the first extensive application of two archival

data sets recently completed for NASA's Explorer Project.
The formats of these data are designed to be a compact

representation, with roughly the same time resolution as that

provided by the instrument energy-mass scan cycle. Al-

though these data sets include various spectral information,

only the files containing velocity moments have been used

here.

The ISEE 1 data files contain separate velocity moments

for the four principal ion species, H +, He ÷ +, He +, and O +,

calculated once each energy-mass scan cycle, using two

different methods to be explained below. Each moment has

a statistical uncertainty (standard deviation) assigned to it,

calculated with standard formulas for error propagation

assuming Poisson counting statistics and including the un-

certainty in background subtraction. In addition, there are

velocity moments for "total ions," based on the total ion

count rate in the electrostatic analyzer and assuming that

this rate is due entirely to H + ions. These moments are

calculated once per energy scan, providing a time resolution

of a couple of minutes or better, and usually have nearly

continuous time coverage. The reason for including "total"

moments here is to help separate mass-resolved moments

taken in different plasma regimes (see next section).

To calculate full three-dimensional velocity moments from
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Time ranges of available ion composition data in relation to solar activity. Only the solid line (archived)
portion of the ISEE 1 data is used here (years labeled at beginning).

the raw ISEE 1 data, the ion fluxes measured within the

near-ecliptic field of view have been extrapolated to other

angles using either of two sets of approximating assump-

tions:

1. The principal ion flow is parallel to the solar ecliptic

plane and the ion fluxes have rotational symmetry around

the flow vector, regardless of the magnetic field orientation.

The direction of the flow vector within this plane is deter-

mined by the measured flow within the instrument field of

view. The single angular variable in this case is divided

among 12 30 ° spin-angle bins, roughly approximating the

inherent angular resolution of the ISEE ! instrument in

normal low-bit-rate operation.

2. Fluxes are gyrotropic (independent of gyration angle)

over the sampled range of pitch angles, and isotropic outside

of this range, maintaining the values measured at the small-

est and largest pitch angles, respectively. The pitch angles

are divided among nine 20 ° bins. This assumption is only

applied to number densities, mean energies, parallel and

perpendicular to the magnetic field, and energy densities. It

ignores any net bulk flow perpendicular to the magnetic field.

The two sets of assumptions typically yield about the same

number densities and total energy densities, within statistical

uncertainties, except for cases of substantial ecliptic ion drift

across the magnetic field (substantial when compared to

thermal velocities), when 1 appears to provide more accu-

rate values, especially for number densities. This has been

verified by comparing the ion densities with electron densi-

ties derived from 1SEE 1 and 2 wave experiments on several

occasions. Although the drift direction in 1 is determined

from average fluxes in 30 ° wide bins, the weighting involved

in the integrations usually provides an accuracy much better

than 30 °. For simplicity, the ISEE 1 number densities

illustrated here are those derived from 1 when referring to

the magnetotail (plasma sheet) and from 2 when referring to

the inner magnetosphere (for comparison with CCE densi-

ties).

The AMPTE/CCE moment files use a common integration

time of 6.4 minutes for both the mass resolved data and the

total ion data. The CCE velocity moments have all been

calculated according to approximation 2 above, including a

standard deviation for each moment, except that the counts

were initially separated between the right and left side of the

magnetic field direction, in order to allow a cross-B velocity

to be calculated (along with a parallel velocity). Because of

the attitude and orbit of the spacecraft, the CCE instrument

normally samples fluxes along the magnetic field direction.

In addition to the H +, He + +, He +, and O + ions these files

also include O + + ions. It is clear from these data that the

O ++ ions, as was assumed during the preparation of the

ISEE 1 files, are generally much less abundant than the O +

ions at these energies, typically by 1 to 2 orders of magnitude

(see also Young et al. [1982]). The same appears to hold at

higher energies as well, according to data from the CHEM

experiment on AMPTE/CCE [Kremser et al., 19881.

4. DATA SELECTION

The time coverage of the ISEE 1 and AMPTE/CCE data

sets through solar cycle 21 is illustrated in Figure 1, along

with the daily index of 10.7-cm wavelength solar radio flux.

This index is commonly used as a proxy for the solar

extreme ultraviolet (EUV) radiation [Hinteregger, 1981] and

is therefore an indirect measure of the solar radiant effects

on the terrestrial O ÷ source [e.g., Young et al., 1982, and

references therein]. Figure I shows the reason for intercom-

paring the two data sets; the ISEE 1 set was acquired during

strongly varying solar activity, including the peak, the CCE

set during weak and extremely steady solar activity. The

significance of this will be clarified later.

Of all the ISEE 1 data available, only three subsets have

been used here, one obtained in the central plasma sheet, the

other two in the inner magnetosphere, in the same spatial

region as the CCE data. The spatial distribution of the

plasma sheet samplings is illustrated in Figure 2 in GSM

coordinates, with each point representing one instrument

energy-mass cycle. The samplings are all from geocentric

distances beyond 10 R e and have been further limited to - 10

R e < GSM Y< 10R e andGSMX < -5 R e . The main

reason for choosing this particular region is that the plasma

sheet O ÷ density has been found to have a rather broad

maximum within 10 Re of either side of local midnight

during periods of hourly AE > 200 nT (see Figure 7d of

Lennartsson and Shelley [1986]).

The central plasma sheet has been defined by the following

conditions:

1. The sum of the H +, He ÷ +, He +, and O ÷ densities is

at least 0.1 cm-3
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samplings from 1985, binned and averaged into 1732 and

1728 matrix elements, respectively.

The two spatial regions thus defined by the CCE data have

in turn been used to select two "inner magnetosphere" sets

of ISEE I data as well (similarly excluding magnetosheath

and solar wind). The resulting number of samples in these

ISEE 1 sets is 581 (corresponding to 1984 CCE set) and 693

(1985 CCE set).

oSM x (R=)

Fig. 2. Spatial extent of selected plasma sheet data set (ISEE I) in
Geocentric Solar Magnetospheric (GSM) coordinates.

2. The plasma beta value produced by t.hese same ions is

at least 0.1.

3. The multiple densities derived from the total ion count

rates during the course of each energy-mass scan cycle,

assuming only H ÷ ions (see previous section), are all at least

0.05 cm-3
These conditions differ slightly from those used by Len-

nartsson and Shelley [1986] but lead to essentially the same

selection, given the spatial constraints. The present data set

is further constrained by the requirement that concurrent AE

indices be available, resulting in the exclusion of samplings

from 1977 (see Kamei and Maeda [1981], and subsequent

data books). The resulting number of samples is 4056 (-1000

hours).

For this study the CCE samplings have first been binned

and averaged into a time-space matrix of 1 hour UT by I

hour MLT by one dipole L unit, in order to make the set

more compact. The spatial distribution of the elements

(average coordinates) is illustrated in Figure 3 in SM coor-

dinates (same as GSM, except for a rotation around the Y

axis to make the Z axis equal to the northward dipole axis).

The samplings have been limited to L > 6 in order to ensure

that the ion composition is controlled by the particle sources

rather than by charge exchange decay [Lennartsson and

Sharp, 1982]. In addition, the samplings have been confined

to the inside of the magnetopause, by elimination of data that

might be interpreted as magnetosheath or solar wind (based

in part on total moments). The reason for dividing the data

by year is that AE indices, at this writing, are not available

on magnetic tape for 1985. The set is made up of 7998

individual 6.4-rain samplings from 1984, and 8211 such

1 g84 1 g85
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5. STATISTICAL RESULTS

Whether auroral substorms, as defined by enhancements

in the AE index, for instance, are triggered by an increasing

concentration of O + ions in the tail current sheet [e.g.,

Baker et al., 1982], or always start independently of the O ÷,

may seem to be a simple question of timing. The answer is

not readily found by studying individual events, however,

because the O ÷ data from within the plasma sheet are rather

spotty during active periods, due to plasma sheet motion and

thinning, and the substorm activity is often recurring too

rapidly to allow a unique association between enhancements
in the AE and in the O ÷ density. The only firm conclusion

that can be drawn from previous event studies is that there

are numerous cases where the ISEE i is in the central

plasma sheet at a substorm expansion onset and does not

observe a large concentration of O ÷ (> 10%) until after onset

(R. D. Sharp, unpublished manuscript, 1982; see also Baker

et al. [1985]). Hence we have had reasons to believe that

substorms can occur before the O + density is enhanced in

the tail, but we still do not know whether they occur more

easily if the O ÷ density is already high, or if they are

stronger in that case.

5.1. Relative Timing

As a first step in addressing this question, the entire set of

ISEE I plasma sheet data, as defined above (see Figure 2),

was scoured for evidence that the O÷/H + density ratio

might sometimes undergo a significant increase shortly be-

fore such an increase takes place in the AE index. Several

different approaches were tried, using different definitions of

"significant increase" and "shortly before." The result was

essentially negative; there was no clear evidence that any

increment in the AE could be uniquely associated with a

preceding, or even simultaneous, increase in the O÷/H ÷

ratio, and this was due in part to the difficulties already

mentioned. One approach, for example, was to use hourly

AE indices and pose the following problem:

Find each sampling with an O*/H ÷ ratio greater than 30%,

which is preceded by at least a 3-hour period of samplings with

O+/H + consistently less than 20%, allowing no more than 60

min for data gaps during that period, and check whether the

concurrent or succeeding hourly AE is greater, by any amount,

than the preceding 3-hour average AE. The result: No case of

a succeeding increase in the hourly AE, but one case of a

concurrent increase. In that one case the l-rain AE indices

were examined next, and the AE proved to increase ahead of

the increase in the O +/H + ratio.

sM x (%)

Fig. 3. Spatial extent of selected CCE data sets in SoLar Mag-
netic (SM) coordinates. These extend in geomagnetic Latitude from
-16 ° to + 12°. Equivalent regions are used for ISEE I data as well

(see text).

5.2. Correlation Between AE and Average Ion Mass

in Plasma Sheet

Figure 4 shows a purely statistical approach, where each

plasma sheet sampling is represented by its linearly averaged
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Fig. 4. Scatterplots of average ion mass in plasma sheel versus hourly AE (left) and vice versa (right). The top
panels compare AE readings and mass samplings from same hour, the lower panels compare AE or mass with mass and
AE from the first (middle) and second (bottom) succeeding hour. The regression lines in this and following figures have
a correlation coefficient as indicated by parameter R. The parameter N indicates the number of data points in each
panel.

ion mass, weighted by the respective densities of H +,

He + +, He +, and O + ions (thus having a range of 1.0 to 16.0

amu), and is associated with hourly AE indices from the

same (top panels) or adjacent hours. Because the He + + ions

are always in minority here (almost always less than 10% of

total number density), the average mass is also approxi-

mately the average mass per charge; which may be the

physically more significant quantity (or mass divided by the

square of the charge). This mass, whether associated with

ion or charge, is not expected to be significantly defective by

not including O ++ ions (see end of section 3).

In the left panels of Figure 4 the average mass is treated as

a function of the hourly AE index, allowing up to 2 hours

delay from each AE reading to the plasma sheet sampling.

The slanted straight line in each panel is the linear least

squares fit of log (mass) versus log (AE). The reason for

using a linear fit here is that when the AE is binned, rather

than scattered, the logarithm of the average mass in each AE

bin is approximately a linear function of the logarithm of AE

(not shown). The correlation coefficient, denoted by the

letter R, is significant in each case, given the large number of

points (4056). The generally greater mass/ion during active

times is due to a combination of increasing O + density and

decreasing H ÷ and He++ densities [see Lennartsson and

Shelley, 1986]. The He + ions contribute a negligible density

in the central plasma sheet at most times. It can be seen that

the correlation is somewhat better with a 2-hour delay than

with a shorter delay, or no delay. The correlation with a

2-hour delay is in fact at its maximum; it declines again with

longer delays, reaching a value of R = 0.45 with a 5-hour

delay, for instance (not illustrated).

In the right panels of Figure 4 the AE index is similarly

treated as a function of the average mass, using the same set

of plasma sheet samplings. In this case the correlation

coefficient declines monotonically with increasing delay,

reaching R = 0.45 already with a l-hour delay (and R =

0.31 with a 5-hour delay). Clearly, the AE is less well

correlated with preceding values of the average ion mass
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TABLE I. Autocorrelation of Log {Hourly AE) in 1978-1979
(N = 17520)

Lag Time, Correlation
hours Coefficient

1 0,87

2 0.70
3 0.61

4 0.55
5 0.51
6 0.46

than vice versa. Note also that the regression line in the top
right panel is different from the corresponding line in the top
left panel, even though the two correlation coefficients are
the same (by definition).

Figure 4 displays all plasma sheet samplings correspond-
ing to Figure 2, including both dawn and dusk halves. It may
be true that conditions in the dusk half are usually the most
relevant to substorm onset, as argued by Baker et al. [1982],
but these ion composition data show no significant asymme-
try between dusk and dawn and do not justify limiting the
statistical material to the dusk side only. By including the
dawn half it is possible to admit more samplings from early
1978 and early 1980 and thus cover a wider range of solar

surface activity (see Figure 1). This is a desirable objective in
the next section. It may suffice to mention that if the
scatterplots of Figure 4 are limited to the dusk half, where
there are 1366 samplings, the least squares fits are virtually
identical to those in Figure 4, and the correlation coefficients
differ by at most 0.02.

It is quite possible that the nonzero correlation of the AE

with the preceding values of the average ion mass in the right
panels of Figure 4, with 1- and 2-hour delays, is purely
accidental, because the AE has a very high degree of
autocorrelation over long periods of time. This is illustrated
by Table 1, which lists the correlation coefficients for hourly
AE values taken from one to six hours apart during 1978 and
1979 (17520 hours). As can be seen, the AE at any one time
is still better correlated with the AE from as much as 6 hours
earlier than it is with the average ion mass during the
immediately preceding hour.

5.3. Solar Cycle Effects

Figure 5 relates the average ion mass in the central plasma
sheet to solar surface activity, as measured by the FI0.7, as

well as geomagnetic activity. The ion mass samplings in the
left panel are from geomagnetically "quiet" times, defined

by requiring that the hourly AE index be consistently less
than 100 nT over a 3-hour period, where the middle hour

contains the mass sampling. The right panel has samplings
from "disturbed" times, similarly defined by hourly AE
indices being consistently greater than 200 nT over that same
3-hour period. By considering AE indices taken both before
and after the mass sampling it is ensured that no bias is
placed on the causal relationship between the AE and the ion
mass, although the strong autocorrelation of the AE index
makes the precise timing less important (see Table 1). In any
case the average ion mass is found to increase with increas-
ing solar activity, regardless of substorm activity level, and
this is mainly a consequence of an increasing O + density
(see also Young et al. [1982] and Lennartsson [1989]). The
regression lines are again based on log (mass), because a
logarithmic y scale and a linear x scale provide a roughly
linear dependence when data points are binned in x and
averaged in y (not shown).

Although the correlation coefficient is only about 0.3 in
both panels of Figure 5, the large number of data points
makes it significant. It can be seen, by using standard
statistical tests [Bevington, 1969, pp. 119-127; Press et al.,
1986, pp. 484--487], that the probability of having no actual
correlation between the ion mass and the solar activity is
negligible (less than 10-s). Essentially, the same statistical
results are reached even if the samplings are limited to the
dusk half of the plasma sheet, thereby reducing the number
of data points as well as the range of F_0.7. In that case,
N = 339 and R = 0.25 in the left panel (AE < 100 nT) and
N = 348 and R = 0.36 in the right panel (AE > 200 nT),
and the respective regression lines remain identical within
one standard deviation of either the slope or the vertical
location.

By contrast, the substorm activity, as measured by the AE
or Kp indices, does not increase with increasing solar
surface activity during this time period, neither in terms of
frequency of substorm onsets nor in terms of peak ampli-

AE < 100 nT AE > 200 mT
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ordered by Ottawa local time here, rather than by the usual universal time.
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tude. This is partly illustrated for the AE index by Figure 6,

which covers two 4-month intervals with similar ISEE 1

samplings of the plasma sheet (as defined in Figure 2), one in

1978, the other in 1979. The daily solar F]0.7 (top panel), and

presumably also the concurrent EUV flux, is almost consis-

tently higher in the later interval, resulting in a generally

greater O +/H + density ratio in the central plasma sheet, also

represented by "dally" numbers here (middle panel), ob-

tained by averaging all available samplings each day. These

trends are still more distinct in terms of monthly averages,

shown here by points centered on each month and connected

by straight lines. However, the AE index (bottom panel) shows

no signs of increasing from 1978 to 1979, neither as a daily nor

as a monthly average (see also Figure 3 in the work by Young

et al. [1982]). As far as the frequency of substorm onsets is

concerned, a visual inspection of 1-min AE records (see Kamei

and Maeda [1981] and subsequent data books) reveals no

obvious increase from 1978 to 1979 (not illustrated here).

It may be argued that Figure 6 does show some change

from 1978 to 1979 in the daily averaged AE index, since in

1979, but not in 1978, the AE appears to be modulated at a

rate resembling the solar rotation period, which ranges from

25 to 36 days, depending on latitude and physical feature

[Hansen et al., 1%9, and references therein]. This is prob-

ably not caused by a solar-induced periodicity in the O +

density, however, since the F10.7 index is much less periodic

in 1979 than in 1978. The fact that the O+/H + ratio in Figure

6 does not show a clear solar rotation modulation, not even

in 1978, can probably be ascribed to the rapidly varying

sampling conditions, including the spacecraft motion along

the orbit (at least 7 R e per day) and the orbital drift relative

to the tail (-12 R E per month at apogee).

Returning to Figure 1, it is clear that the Fi0.7 index

continues to have strong oscillations for the next couple of

years, including those caused by solar rotation, but it does

not begin to change in a more long-term fashion again until

1983, when it starts declining, and it is not until the second

half of 1984 that it reaches a low and steady level, coincident

with the AMPTE/CCE data interval. At this time the Fi0.7 is

very close to its minimum dally (65.8 on October 8, 1985) and

monthly values (69.4 in September 1986, which is the canon-

ical end of solar cycle 21). Accordingly, the CCE data set

should have substantially lower O ÷ concentrations than the

ISEE I set, even if the ISEE i set is averaged over most of

the rising phase (to improve statistics). The CCE data

contain no samplings from the plasma sheet region shown in

Figure 2, but it is known from the ISEE 1 data that O ÷ ions

in the inner magnetosphere (R < 10 Re) have virtually the

same response to the F10.7 index as do the plasma sheet O ÷

ions [Lennartsson, 1989]. Hence, if the CCE data do show

much lower O */I-I ÷ ratios than do the ISEE 1 data, given the

same inner magnetosphere sampling region for both sets,

then it is fair to assume that the plasma sheet O +/H ÷ ratios

are also substantially reduced at solar minimum (reversing

the time sequence in Figure 6).

Figure 7 shows one kind of comparison between ISEE I

and CCE data within the bounds of available AE indices. In

this case each ion sampling has been associated with the

average of 6 successive hourly AE indices, the last of which

is concurrent. There is no special reason for choosing a

6-hour period per se, but the statistical correlation is some-

what better when an average of several hourly AE values is

used rather than some single preceding value. Using preced-

ing rather than succeeding AE values here seems intuitively
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right [cf. Strangeway and Johnson, 1984], regardless of the

role of O + ions in the plasma sheet, and that choice is also

justified by improved correlation.

Figure 7 confirms that the O +/H + ratio has declined quite

substantially in late 1984, near solar minimum, as compared

to typical values during the rising phase of 1978 to early

1980. Even though the two instruments have different pitch

angle coverage in this region of space (sections 2 and 3), the

difference in the O +/H + ratio between the left (ISEE l) and

right (CCE) panels is quite consistent with a time reversal of

the results obtained between 1978 and 1980 at geosynchro-

nous altitude (L --- 6.6) by the GEOS 2 instrument (measur-

ing nearly perpendicular to the magnetic field). If a median

Fl0.7 of 175 is assigned to the ISEE 1 data [Lennartsson,

1989] and an Fl0.7 of 70 to the CCE data (Figure l), the

logarithmic regression formula in Table 3b of Young et al.

[1982] predicts a reduction in the ratio by a factor of -3.5 in

1984 for geomagnetically quiet conditions. Comparing the

two regression lines in Figure 7 at low AE yields a somewhat

larger reduction by a factor of 4.1, but the difference is

probably within the margins of error, considering that the

ISEE 1 data in Figure 7 span such a wide range of Fie.7. In

any case there is a clear downward displacement of the

regression line in 1984, and there is relatively less scatter

about this line, resulting in a higher correlation coefficient.

The improved correlation with the AE index is consistent

with the strongly reduced fluctuations in the daily Fi0.7

index (Figure 1), provided the O+/H + ratio, as implied by

Figure 5, depends not only on long-term but also on day-to-

day variations in the solar irradiation.

In spite of this substantial long-term reduction in the

O+/H + ratio, there is no corresponding reduction in sub-

storm activity. Instead, there is a modest but statistically

significant increase over the same time period, as measured

by for instance daily averages of the AE index (see Kamei

and Maeda [1981], and subsequent data books). This trend is

reflected in Figure 7 by the different grand average AE

values during the two intervals of ion sampling (203 nT in the

ISEE 1 interval, 280 nT in the CCE interval, the two mean

values differing by more than ten times the standard devia-

tion of either mean).

These opposing effects are even more clearly demon-

strated by means of the Kp index, which allows all of the

CCE data to be used (and more than twice as much of the

ISEE 1 data; see end of section 4). In Figure 8 each ion

sampling has been associated with the linear average of the

concurrent and the two immediately preceding Kp indices,

assigning the numerical values + l/3 and - 1/3 to the gradu-

ating plus and minus symbols on the Kp index. The resulting

9-hour average Kp has been binned, as shown, and the

density ratios have been averaged within each bin. The

grand average Kp during the two sets of ion samplings is

indicated in the respective panel, in conventional notation,

and further described in the caption. When expressed in

decimal numbers, the two mean values differ by 50 times the

standard deviation of either mean.

To place these results in a broader perspective, the hourly

and daily averaged AE for all of 1978 through 1984 have been

plotted versus the daily Fro. 7 in Figure 9 (except for 1 day of

missing Fi0.7 index in 1983). Although small in magnitude,

the resulting correlation coefficients are statistically signifi-

cant, considering the large number of points [Bevington,
1969, pp. 119-127; Press et al., 1986, pp. 484--487]. The fact

that the two regression lines have almost exactly the same

slope (same within two decimal places), even though the two

sets of data points differ in size by a factor of 24, makes it

almost certain that the correlation is real and not merely due

to numerical rounding errors. The negative sign of the

correlation is consistent, in a superficial sense, with the

long-term anticorrelation just found between the O+/H +

ratio and the AE (Figure 7) and Kp (Figure 8), since the O ÷

density is positively correlated with the Fi0.7 (Figure 5; see

also Young et al. [1982] and Lennartsson [1989]). This does

not by itself imply a physical relationship between the AE

and the Fi0.7, however, because Figure 9 spans the better

part of a solar cycle, and the important physical parameter

may be solar cycle phase, or simply time. Indeed, if the AE

is sorted by the FI0.7 on a year-by-year basis, the correlation

does not even show a persistent sign. This is illustrated by

Table 2.

5.4. Effects of Including Lowest Energy Channel

The possible role of ions with energies below 100 eV/e is

primarily an issue with data obtained in situ, that is the ISEE
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1 plasma sheet data (Figure 2). The nominal range of 10--100

eV/e, not including variable RPA settings, has been mea-

sured in -90% of the 4056 plasma sheet samplings, and these

measurements almost always cover all 12 spin angle sectors

at least once.

Count rates in this single energy channel have been

converted to partial ion number densities assuming rota-

tional symmetry of the ion flux around the same flow vector

used for the main velocity moments (assumption 1 in section

3). This average flow vector, one for each ion species, has

been based on count rates in all the other energy channels

(except the highest one) and does not always approximate

the true flow direction of the 10- to 100-eV/e ions. This can

be a significant problem when the flux of low-energy ions is

strongly focused in spin angle, in which case an error in the

axis of symmetry leads to exaggerated densities.

Adding these partial densities, when measured, to the

main densities has almost no effect on the statistical picture,

however. In most samplings from the central plasma sheet

the O + and He + densities are increased by less than 15%

and the H + and He ++ densities by less than 5%. Table 3

shows the average increases. Part of the reason for these

modest numbers may be that the low-energy cutoff is actu-

ally higher than 10 eV/e in much of the plasma sheet data,

perhaps more typically between 10 and 20 eV/e, because of

positive spacecraft charging associated with photo electron

emission (see Figure 1 of Mozer et al. [1983]).

When Figures 4 and 5 are reproduced with the lowest-

energy channel included (not shown), the new scatter pat-

terns are virtually identical to the old ones. There is a barely

perceptible flattening of the regression lines, corresponding

quantitatively to a change in the third decimal place of the

respective slopes. This flattening is accompanied by a slight

reduction in the correlation coefficients as well, and this is

again limited to the third decimal place in all cases but the

left panel of Figure 5, where R is reduced to 0.28. Although

very small, the reductions in the slopes and correlation

coefficients of each regression line both indicate disordering.

Hence, as far as the ion composition is concerned, adding

the 10- to 100-eV/e partial densities in the central plasma
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TABLE 2. Correlation of Log {Hourly AE) With Daily FI07

Year

1978 1979 1980 1981 1982 1983 1984

Number values 8760 8760 8784 8760 8760 8736 8784
Correlation coefficient 0.002 -0.118 0.041 0.074 0.074 0.026 0.065

sheet makes no significant physical difference, but it appears

to slightly increase the measurement errors, which is the

main reason for keeping the low-energy cutoffat 100 ewe in

this study.

6. CONCLUDING REMARKS

The preceding section makes no mention of the mean

energy of the O ÷ ions, and there is actually no new infor-

mation from this study that warrants a discussion beyond

what was presented by Lennartsson and Shelley [1986] and

Lennartsson [1989]. The only potentially critical issue here is

whether the O + energy in the central plasma sheet decreases

with increasing O + density, so as to offset the expected

increase in the ion inertial effects. It was found previously

that the O + mean energy in the 0.1- to 16-keV range is

indeed slightly anti-correlated with both geomagnetic [Len-

nartsson and Shelley, 1986] and solar activity [Lennartsson,

1989], that is anticorrelated with density, but the effect

appears far too small to be of any significance here. Specif-

ically, the O ÷ mean energy in the central plasma sheet is

typically -4 to 5 keV during low geomagnetic and solar

activity and -3 to 4 keV during moderate to strong activity.

Returning to the far greater variations in the O + density,

and in the O+/H + density ratio, the challenge is now to

interpret their various statistical relations with geomagnetic

and solar activity. If one makes the very reasonable assump-

tion that Figures 7 and 8 show a long-term trend that applies

also to the central plasma sheet, it is clear that the frequency

of occurrence of very large O +/H + ratios in the tail current

sheet can be substantially reduced over time with no hin-

drance to substorms. On the contrary, substorm activity

increases. Is this increased activity actually caused by the

relative decrease in O + content? Considering Figure 5, such

a scenario is consonant with the negative correlation be-

tween the AE and the Fi0.7 in Figure 9. However, Table 2

shows that this negative correlation, when ordered by cal-

endar year, is not an ordinary feature, but is limited to one

(1979) of seven years. This makes it much more likely that

the long-term variation of the AE is controlled by a solar

process which depends on the solar cycle phase but is not

well measured by the Fi0.7, nor by the EUV flux.

Figure 10 may provide additional clues. It appears from

Figure 10 that the year 1979 is unique in the sense that the

TABLE 3. ISEE 1 Average Incremental Density From 10- to
100-eV/e Channel in Plasma Sheet

Ion Increment, %

H + 2.8
He ++ 1.3
He + 8.2
O + 7.2

AE activity then approaches its absolute minimum in the 7

years considered, a minimum reached in early 1980. Since

this occurs while the Flo.7 is approaching its absolute

maximum (Figure 1), it probably accounts for the net nega-

tive correlation in Figure 9 (even without the singular Fi0.7

peak in early November 1979). It certainly accounts for the

long-term increase in the AE and the Kp in Figures 7 and 8.

Whether the early 1980 minimum in the monthly average AE

is entirely due to solar processes, or somehow depends on

solar-induced changes in the magnetosphere particle popu-

lations, it is clearly contrary to having substorm activity

enhanced by increased O + concentration in the tail current

sheet (see also Figure 6).

If there is any significant feedback from the O +, due to its

large ionic mass, it must be negative: The O ÷ either inhibits

the onset of substorms, acts as a damper on substorms in

progress, or helps to release tail stresses at an earlier and

"less harmful" stage. However, Figure l0 appears to ex-

clude that scenario as well, since the monthly average AE

starts increasing again long (2 years) before the solar Fi0.7

enters its declining phase (Figure l), which is presumably

when the O + concentration declines in the plasma sheet

(Figure 5).
Short-term correlations are less definitive, for reasons that

have been outlined above, but they appear to point in the

same direction. Figure 4 suggests that the O +/H + ratio in the

plasma sheet does depend on the previous history of the AE,
at least over a 2-hour interval (maximum R with two hours

delay), but it gives no hint of a similar dependence of the AE

on the O + concentration, since the correlation in the right

panels declines monotonically with time and is anyway much

weaker than the autocorrelation of the AE (Table i). Fur-

thermore, the pattern of scattered points in Figure 4 has an

almost triangular shape in the left panels, especially in the

bottom panel, with one corner at small ion mass but large

AE. This shape implies, ideally, that the AE can take on any

large value without O ÷ ions being present, and it can do that

without increasing the O+/H ÷ ratio uniformly throughout

the central plasma sheet, but the O ÷/H ÷ ratio cannot reach

very large values anywhere unless the AE is already large.

6.1. Possible Role of Very Low Energy Ions

Whether the low-energy cutoff is 10 or 100 ewe, or some

intermediate value imposed by positive spacecraft charging,

does not appear to make much difference in the central

plasma sheet (Table 3), but there may still be a "'hidden" ion

population with mean energies of a few eV, or less, associ-

ated with the terrestrial polar wind and consisting mostly of

H ÷ ions [e.g., Chappell et al., 1987]. The question is, how

large is this polar wind population of H + ions compared with

the more energetic H + population measured on the ISEE !

spacecraft? Does it have a significant effect on the average

ion mass? So far there have been no direct measurements of
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ions with only a few eV energy in the plasma sheet, beyond

10 RE, nor have there been any large-scale attempts to infer

"hidden" ions by comparing measured partial ion densities

with total electron densities deduced from wave experi-

ments, but the subject has been addressed indirectly by

modeling particle trajectories, notably by Delcourt et al.

[1989].

The numerical model of Delcourt et al. takes into account

all presently known sources of terrestrial ion outflows, using

the most recent measurements or estimates of source param-

eters, but it is restricted to radial distances less than 17 RE,

and its plasma sheet does not receive ions whose trajectories

intersect the magnetopause or reach beyond 17 R E downtail.

As emphasized by the authors, the trajectory interrupts,

especially downtail, set artificial and severe limits on the

potential contribution to the plasma sheet density ofH ÷ ions

with initial energies of 10 eV (cusp source) or greater

(auroral zone and polar cap sources) and are the main reason

why the calculated H ÷ density between 10 and 17 R E,

including all energies, is only -0.01 to 0.08 cm-3 (Figure 18

in their paper). However, these limits are less severe for the

polar wind H + ions, which are all assumed to have an initial

energy of only 1 eV, so this model may provide a probable

upper limit on their specific contribution in Earth's plasma
sheet.

According to Figure 4 in the paper by Delcourt et al.,

_43% of the polar wind H + ions remain within the model

boundaries during geomagnetically quiet conditions,

whereas 41% are lost downtall, because of weak equator-

ward convection, and 16% are lost at the magnetopause. The

43% that remain are sufficient to dominate the H + density

earthward of the 17 Re boundary, but the density between

10 and 17 R E is only about 1/10 of the energetic H + density

measured on the ISEE 1 (Figure 18 in same paper; see also

Lennartsson and Shelley [1986]). Fewer of the polar wind

ions are lost downtail during disturbed conditions (stronger

convection), only -6%, but the ionospheric source is as-

sumed to be weaker then, by a factor of 2/3 (their Table 2),

and a somewhat greater fraction is lost at the magnetopause

(23%), so the model H + density in the plasma sheet is still

smaller, by a factor of 5 to 10, than the energetic H ÷ density

measured on the ISEE I. Hence, even with all of the lost

polar wind H ÷ ions somehow recovered and added to its

plasma sheet, this model seems to imply that the density of

very low energy H ÷ ions (few eV) is smaller than the known

density of energetic H + ions in Earth's plasma sheet,

possibly substantially smaller.

It is worth noting that the polar wind is expected, on

theoretical grounds, to be stronger, by approximately a

factor of 3, at the minimum of the solar cycle than at the

maximum of same [Chappell et al., 1987, and references

therein], which is the opposite of the observed long-term

trend of the O ÷ flux. To the extent that polar wind H ÷ ions

do affect the ion composition in the tail current sheet, they

probably amplify the difference in the O +/H ÷ ratio between

solar maximum and minimum, thereby enhancing the long-

term anticorrelation between average ion mass and geomag-

netic activity implied by Figures 7 and 8 above.

6.2. Corollary

Since the energetic O ÷ ions do reach the central plasma

sheet, well beyond 10 RE, and do so in sufficient numbers to

have a very significant and strongly variable influence on the

average mass of keV ions (Figures 4 and 5), they must have

significant and variable effects on any tail instability that

depends in a decisive fashion on this mass, including any

such instability powerful enough to influence the geomag-

netic indices. The statistical results of this study suggest

therefore that the average ion mass is an unimportant

parameter in the equations that govern magnetotail stability.

It is clear, at least from the long-term behavior of the AE and

Kp indices (Figures 6, 7, 8, and 10), that a more frequent

occurrence of large average mass/ion, or mass/charge, in the

tail current sheet is not sufficient cause for stronger dissipa-

tion of auroral energy. The statistical data are more compat-

ible with reduced energy dissipation when the ion mass

becomes extremely large near solar maximum. However,
the lack of a consistent correlation over time between solar

and geomagnetic indices seems to rule out all significant

feedback (Table 2 and Figures I and 10). These consider-

ations are nominally based on ion composition data from the

0.1- to 16-keV/e energy range, but probably apply to the bulk

of the plasma sheet ions.
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